Abstract
Introduction 32
Fatty fish is an important and nutritional seafood particularly owing to the high concentration of 33 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (20:5ω-3) (EPA) and docosahexanoic 34 acid (22:6ω-3) (DHA) [1] . Degradation of PUFAs by auto or enzymatic oxidation during storage 35 and processing of fatty fish, easily leads to the formation of volatiles associated with rancidity [2] . 36
For this, lipid oxidation has long been recognized as a leading cause of quality deterioration in fish 37 muscle foods and is often the decisive factor in determining their shelf-life [3] . Most effort has been 38 devoted to chemical methods aimed to measure oxidation. Peroxide value (PV) and the 2-39 thiobarbituric acid reactive substances assay (TBARS) are common measurements of lipid 40 oxidation; however, because peroxides are decomposing to secondary products relatively quickly, 41 and TBARS is not specific for malonaldehyde, the measurement of volatile compounds has become2. Experimental 83 2. 1 . Reagents 84 Acetaldehyde, propanal, butanal, pentanal, hexanal, heptanal, octanal, nonanal, 2-ethylfuran, 2-85 pentylfuran, E-2-pentenal, E-2-hexenal, E-2-heptenal, Z-4-heptenal, 1-penten-3-one, 1-penten-3-ol, 86 1-octen-3-ol, 2,3-pentanedione, (E,E)-2,4-heptadienal and 3-methyl-3-buten-1-ol (internal standard) 87 was obtained from Sigma-Aldrich (Steinheim, Germany The different fibers were exposed to the head space of 1 mL of the saline extract obtained from the 116 oxidized fish homogenate during 15 minutes at 60 ºC. The volatiles were desorbed in the GC 117 injection port for 10 minutes at 300 ºC for CAR-PDMS, at 250 ºC for PDMS-DVB fiber, at 270 ºC 118 for CAR-PDMS-DVB fiber and at 220 ºC for CW-DVB fiber according to technical 119 recommendations. The absence of artifacts due to compounds remained into the fiber after 120 desorption was also checked. 121 122
Experimental conditions for CAR-PDMS fiber.

123
The influence of salting out and stirring on the yield of the volatile extraction from fish muscle was 124 evaluated after the extraction of 3 grams of oxidized minced fish muscle according with the 125 conditions described above. A volume of 6 mL was then extracted by CAR-PDMS fiber during 15 126 minutes to 60 ºC with and without stirring. 127
A factorial design was performed to evaluate other parameters affecting the HS-SPME extraction 128 efficiency as temperature and time of extraction and sample amount. The experiments were 129 performed with saline extracts from oxidized fish muscle and with stirring. A two-level factorial 130 design (2 3 ) was selected. This design was used to obtain the surface responses, fitting the data to a 131 mathematical model, and to know what factors are statistically significant evaluating the effects of 132 each factor and the interactions between factors. Two centerpoints were added and all the 133 experiments were randomly performed. Corresponding experimental conditions studied are shown 134 in was performed by the method of internal standard using 3-methyl-3-buten-1-ol. Quantitative 164 determination was carried out by using an internal calibration curve that was built using stock 165 solutions of the compounds in ultrapure water saturated in salt and analyzing them by the optimized 166 HS-SPME method. Quantification limits were calculated to a signal to noise (S/N) ratio of 10. 167
Repeatability was evaluated by analyzing 6 replicates of oxidized fish muscle. 
HS-SPME-GC-MS methodology 204
A set of preliminary experiments were conducted to perform a good chromatographic separation of 205 the volatiles associated to fish rancidity. Volatiles present in 3 g of oxidized Atlantic Horse 206
Mackerel muscle were extracted with 8 mL of ultrapure water and then, 1 mL of the supernatant 207 was incubated in a CAR-PDMS 75 µm fiber (60 ºC during 15 min). Fiber was desorbed in the 208 injector of the gas chromatograph and volatile compounds were analyzed in full scan mode (Fig. 1 ). 209
As a result, 79 compounds were identified (Table 3 ) and 16 of them selected (Table 4) The different mass spectra of the target compounds were carefully studied for selecting the correct 212 ions for injection in SIM mode (Table 4) , in order to improve the signal to noise ratio. The 213 optimization of the SPME methodology and the subsequent quantification in the storage experiment 214 were performed in SIM mode. Fiber coating has shown to determine qualitative and quantitative 215 differences in fish volatile profiles obtained by SPME technique [34] . In order to avoid possible 216 interferences, the memory effect of the different fibers was studied. A desorption of the fibers into 217 the injector of the chromatograph during 2 minutes was performed and after that, the fibers were 218 reinserted and blank analyses were run. Any of the selected compounds was observed in the blank 219 chromatogram for any fiber. A desorption time of 10 min was selected in order to automatize the 220 GC analysis and to assure the total clean of the fiber. The increment between 2 and 10 minutes 221 didn't influence the resolution of the peaks. 222
The four coating fibers studied in this work gave different results in terms of sensitivity. Figure 2  223 shows the analysis corresponding to volatiles extracted from oxidized Atlantic Horse Mackerel 224 muscle using the different fibers. The results clearly showed that CAR-PDMS fiber enabled the 225 detection of a wider range of compounds and produced higher signal intensities than CAR-PDMS-226 DVB, PDMS-DVB and CW-DVB fibers, especially for the smallest molecular weight analytes. 227
Therefore, it was selected as the fiber for the HS-SPME method here proposed. As regards to the effect of the salting out effect and stirring, the highest sensitivity for almost all the 243 target compounds was achieved by the extraction in ultrapure water saturated in NaCl and with 244
stirring. The addition of salt increases the ionic strength of the water sample by lowering the 245 solubility of analytes in the aqueous phase and stirring enhance the extraction efficiency in non-246 equilibrium situations increasing the sensitivity [37] . 247
A selection of the microextracting conditions of CAR-PDMS was then performed by a factorial 248 design to get information about the significance of the experimental parameters. Table 2 shows the 249 corresponding experimental design matrix. Response was evaluated in terms of peak area for all 250 compounds. As an example of the behavior of the target volatiles associated to fish lipid oxidation, 251 Fig. 3 shows the Pareto chart for E-2-Hexenal. Results showed that all selected variables produced 252 significant effects and that no significant interactions between factors were apparent. Sample 253 amount, extraction temperature and extraction time were statistically significant factors and, 254 therefore, the peak area of E-2-Hexenal increased when the three factors increased (positive effect). 255
Factorial experimental design only explains what factors are significant but can not optimize the 256 response because only evaluates 2 levels per factor. An extraction time of 30 min at 60 ºC procured 257 the best extraction of volatiles associated to oxidation. These values were the maximum in the 258 experimental design and factors as time and temperature of incubation are positively correlated with 259 the efficiency of the extraction [37] . In addition, these conditions are not able to provoke oxidation 260 of the samples. Therefore, temperature and time were fixed in 60 ºC and 30 min respectively. 261
The fiber efficiency in SPME is not always directly proportional to sample amount [37] . In the 262 present study, the volume of the saline fish muscle extract was optimized by evaluating the 263 responses obtained after the extraction of 1, 3, 5 and 6 mL. The highest signals (peak areas) were 264 obtained extracting the maximum volume evaluated according to Górecki et al. [38] , that 265 established that the head space volume in the vial should be minimized to increase the extraction 266 efficiency. Consequently, 6 mL was finally selected as the amount of sample. 267
The SIM chromatogram obtained after the analysis of an oxidized Atlantic Horse Mackerel muscle 268 sample using the optimized conditions achieved during this study is shown in Figure 4 . 269 270
Validation of the method 271
The method employed in the optimized conditions was validated for 16 of the 76 compounds 272 detected (Table 5) . Its linearity was evaluated by using samples of ultrapure water saturated in NaCl 273 spiked with increasing concentrations of the analytes ranged between 0.2 to 500 ng/ml. A 274 satisfactory linearity (correlation coefficients from 0.985 to 0.999) was obtained for all compounds. 275
As for repeatability, relative standard deviations of peak areas between 0.6 and 13.9% were 276 achieved (n=6). The results of the stability test indicated that during the storage period to -80 ºC the 277 volatile composition remained stable since relative standard deviations between 0.6 and 12.2% were 278 achieved for almost all the target compounds. 2-ethylfuran (30.3%), E-2-pentenal (20.2%) and E-2-279 hexenal (28.3%) were the only compounds that didn't show satisfactory stability. 280
Quantification limits of the method, defined for a signal to noise ratio (S/N) of 10, ranged from 0.03 281 to 0.34 ng per gram of fish muscle depending of compound. A potential shortcoming of SPME 282 based methods is that the extraction yield can be matrix dependent. In such a case, quantification 283 should be performed using the time consuming standard addition method. Possible matrix effects of 284 the HS-SPME method here proposed were investigated by evaluating the recoveries of each 285
volatile. For such purpose, extracts of samples of Atlantic Horse Mackerel muscle were spiked with 286 100 ng/g of the selected compounds. The response corresponding to each compound was corrected 287 with that obtained for non-spiked aliquots of the same extract. Spiked and non-spiked samples were 288 processed in triplicate. Obtained results suggest that the efficiency of the process is scarcely 289 affected by the matrix for the most of compounds evaluated ( The proposed methodology was employed to assess the oxidative deterioration in terms of volatile 295 formation during the storage of Atlantic Horse Mackerel minced muscle at 4 ºC. Propanal, 1-296 penten-3-ol, 2,3-pentanedione, hexanal and 1-octen-3-ol were the main volatile compounds formed 297 during the storage. Other target volatiles formed in significant concentrations and closely related to 298 lipid oxidation were 2-ethylfuran, Z-4-heptenal and 3,5-octadien-2-one. 299
Propanal is a product from 16-hydroperoxide formed by autoxidation of methyl linolenate and from 300 15-hydroperoxide formed by photosensitized oxidation of methyl linolenate [1] . 1-penten-3-ol is 301
formed During the storage of fish muscle, a strong increase in the volatile formation was achieved after the 312 second day of storage in agreement with a first detection of rancid off-flavors. This increment was 313 especially important for 1-penten-3-ol and 2,3-pentanedione. The formation of these compounds 314 showed induction periods of 1.9 and 1.9 days respectively (Fig. 5 ) and the levels achieved by the 315 second and third days were: 56.0 ± 9.8 and 168.2 ± 7.6 ng/g for 1-penten-3-ol (increment of 316 200.2%) and 96.0 ± 7.8 and 234.2 ± 8.2 ng/g for 2,3-pentanedione (increment of 144.0%). 317
Formation of 1-octen-3-ol showed an induction period of 2.1 days and the levels achieved during 318 the days 2 and 3 were 61.7 ± 0.8 and 65.8 ± 0.3 ng/g respectively (Fig. 5 ). This little increment 319 (6.6%) was enough for correlating this analysis with the detection of rancid off-flavors since 1-320 octen-3-ol is a potent odorant of the unpleasant rancid flavor with a very low sensorial threshold 321 value [1] . 322
Analyses of volatile compounds were correlated with PV and TBARS since these indexes showed 323 induction periods of 2 and 1.9 days respectively (Fig. 5) . 1-penten-3-ol, 2,3-pentanedione and 1-324 octen-3-ol were the compounds showing the higher correlations (Fig. 5) 
